ABSTRACT
coupling between the motions of the two domains in ADK. Our model correctly reproduces several features of the cross-correlation observed in simulations.
I. INTRODUCTION
Understanding a protein's function at an atomic level has been revolutionized by highresolution X-ray crystallography, resulting in a surge in the studies of structure-function relationships. However, too much reliance on these structures can be deceptive, suggesting that one unique structure, the 'folded state', contains all the final answers. The dynamic nature of biology might play a role at the microscopic level. Recent experiments show that protein/ enzyme is a dynamic entity which samples a large ensemble of conformations around the average structure as a result of fluctuations driven by thermal energy [1] [2] [3] . Thus, a complete description of a given protein's function may require understanding of a multidimensional free energy landscape that defines the relative probabilities of the conformational states and the energy barriers between them. In biology, this concept has recently gained importance, leading to an extension of the structure-function paradigm to include dynamics. To understand proteins in action, the fourth dimension, the time, must be added to the snapshots of proteins frozen in X-ray crystal structures [1] [2] [3] . A major obstacle is that it is not possible to watch experimentally individual atoms moving within a protein. The role of these fluctuations in enzyme activity is still unclear.
Some recent studies on the role of conformational fluctuation in the biological activity of a few enzymes revealed that the attainment of certain critical conformation is essential for the chemical step/ reaction to occur [4] [5] [6] [7] . These studies also clearly suggest that this conformational cycling step need not always be the rate determining step. A non-equilibrium theory of the enzymatic reaction has been formulated where it has been discussed how an enzyme can operate in a non-equilibrium steady state to enhance the rate of catalysis [6] [7] . This study emphasized the point that by staying in a non-equilibrium steady state, the enzyme can minimize the free energy barrier required for conformational displacement [6] [7] . Paradoxically, operating from this nonequilibrium steady state may actually lead to a reduction of the role of conformational fluctuations in catalysis. However, this theory assumes the existence of an intermediate state in the relaxation of the enzyme conformation after the product release and prior to another substrate capture [6] [7] .
Experiments and several simulation studies have indeed revealed existence of large scale conformational fluctuations (domain motion) in the catalytic conversion of Mg Despite considerable studies [1] [2] [3] [8] [9] [10] [11] [12] [13] [14] [15] , the precise sequence of events in the catalysis and the role of ADK conformational fluctuations in the reaction process are not well understood. The following questions need to be answered. In this study, we use large scale atomistic molecular dynamics trajectory analysis and multi-dimensional free energy calculations with explicit water to investigate the dynamical coupling between the motions of the two domains during the opening. The main results of our present study are as follows.
(1) The LID domain must open first to certain amount before the NMP domain begins to open.
(2) Our computed two dimensional free energy surface contour diagram has an interesting elliptic shape, revealing a strong correlation between the conformational motions of the LID domain and that of the NMP domain.
(3) The free energy surface of the LID domain motion is found to be rugged due to interaction with water and the signature of ruggedness is evident in the observed RMSD variation and its time correlation functions.
(4) Our free energy surface of the NMP domain is smooth with a larger harmonic confining force constant (near the minimum). This is the reason for smaller fluctuations of the NMP domain.
(5) We also find a clear signature of the allosteric correlation between the motions of the two domains in the free energy surface of the NMP domain motion.
(6) Finally, we develop a dynamical disorder based theoretical model, but with correlations, to describe the observed dynamic coupling between the motions of the two domains in ADK. Our model correctly reproduces the features of cross-correlation observed in simulations.
Onuchic et. al. 9 have earlier investigated the conformational transition in adenylate kinase using nonlinear normal mode analysis and calculated the strain energy associated with different possible paths of the catalytic cycle. Many of the results of their analysis are in agreement with our present analysis, although emphasis of the present study is entirely different.
The organization of the rest of the paper is as follows. In the next section, simulation details are discussed. The conformational fluctuations in the two domains of ADK and the dynamical correlation between their fluctuations are discussed in section III and section IV, respectively. We discuss the dynamical correlation between the LID and NMP domain motion in terms of covariance analysis in section V. Signatures of dynamical coupling in the free energy surface for the domain motions are discussed in section VI. We discuss the role of dynamical coupling in the catalysis in section VII. A theoretical model to explain the observed dynamical coupling is presented in section VIII before concluding the paper in section IX. 16, 17 . The LID domain is defined as residues 118-160, the NMP domain as residues 30-67, and the CORE domain as residues 1-29, 68-117, and 161-214. All crystallographic water molecules were stripped off from the pdb files. GROMACS v3.3.1 suite of programs was used for molecular dynamics and other structural analysis 18 . Proteins were centered in a cubic box of 77.3 Å. The box size was so chosen that no atom in the protein,
II. SIMULATION DETAILS
neither in the open nor in the closed conformation, will be less than 10 Å from any of the boxboundaries. All atom topologies for proteins were generated with the help of pdb2gmx and . The trajectories are built with structures at 2 ps interval.
RMSD:
Root mean square deviation for backbone was calculated with the help of g_rms program when the backbone of CORE domain was used for superimposition. The structures from both the trajectories were superimposed onto the closed conformation of ADK. A common reference for both the trajectories was chosen so that the distribution of RMSD can be easily studied. LID domain is defined as residues 118-160, NMP as 30-67, and CORE domain is defined as residues 1-29, 68-117, and 161-214.
Angle and distance:
The Cα atoms of following residues were used to calculate distance between LID and CORE domains with g_dist: Val148 (from LID) and Glu22 (from CORE). The Umbrella sampling simulations were performed using pull code from GROMACS v4.0.5. Free energy surfaces are extracted using wham program. The simulations involved more than 80,000
water molecules for the free energy calculations. We have performed 2 ns long simulation for each umbrella window. We have used a convergence criterion of 0.0001 in successive F j values.
Correlation analysis:
Cross-and auto-correlation of RMSD evolution was calculated for LID and NMP domains by following definition: ( )
where, If the domains themselves undergo change in structures during the simulation, it will contribute to alterations in RMSD. To check this possibility, we calculate the radius of gyration (R G ) of all the three domains separately and also LID-CORE and NMP-CORE inter-domain combinations. It is well-known that R G is a good measure of the compactness of the structure. If any of the domains undergoes change in its structure due to the unfolding/ cracking, then the R G of that domain will increase. Figure 3 shows the R G of intra-and inter-domain motion calculated from the closed state simulation. We find no significant change of R G of the individual domains over time, indicating that the individual domains do not melt or unfold significantly over time.
However, the variation of inter-domain R G is found to be similar to 
IV. DYNAMICAL CORRELATION BETWEEN MOTIONS OF LID AND NMP DOMAINS
The correlation in the motion of the two domains during the opening from the closed state is an important issue that remains to be understood. To this end, we have analyzed carefully the RMSD fluctuation of the LID and NMP domains at the start of the closed state simulation. 
FIG. 5. Self-and cross correlation functions of the RMSD fluctuation between the two domains.
Note the faster and slower initial decay of the self-correlation functions of the fluctuation of LID and NMP domains, respectively. Note also the occassional increase (highlighed with red ellipses) of the correlation function involving LID domain motion indicating a rugged free energy landscape.
V. COVARIANCE ANALYSIS
In order to confirm the correlation between the motion of the two domains, we have performed covariance analysis 20 . This method is used regularly to explore the correlated motion between the different distant regions in the protein/enzyme 20 . We analyzed the dynamic correlation map derived from the fluctuation of C α atoms of the enzyme (details of the calculation is described in the method section). The correlation map is shown in Fig. 6 . We find an interesting cross peak corresponding to LID and NMP domains (two peaks highlighted by ellipses are identical as the correlation matrix is symmetric) which has reasonably higher intensity. This indicates a strong correlation between the motion of the two domains as discussed in the earlier section.
FIG. 6. Dynamic correlation map derived from C
Therefore, the correlation observed in the earlier section has now further been confirmed by this analysis. Additionally, we observed two regions along the diagonal line corresponding to LID and NMP domains separately. These two peak regions indicate a coherently correlated motion of all the atoms in a domain. This observation also supports inter domain nature of the fluctuation in adenylate kinase with out any significant unfurling in respective domains.
VI. THE TWO-DIMENSIONAL ELLIPTIC FREE ENERGY SURFACE AND SIGNATURE OF DYNAMIC COUPLING
The free energy surface of the corresponding domain motion of the ADK was calculated by using umbrella sampling (values of the parameter used are provided in the Method section).
The free energy surface was obtained for the LID domain motion at 13 distances of NMP-CORE and for the NMP domain motion at 27 distances of LID-CORE.
The two-dimensional free energy surface of the free enzyme is presented in Fig. 7a An important aspect of this two dimensional free energy surface is its elliptic nature, with the LID-CORE distance as the major axis. This indicates that the LID domain motion is less constrained than that of the NMP domain. Thus, both the opening and the closing of the enzyme proceed via the opening and the closing LID domain as it has to climb relatively less barrier.
This also suggests that the motion of the LID domain can facilitate the similar motion in NMP domain if the LID-NMP interface interaction plays crucial role in stabilizing the closed state.
Indeed the importance of this interface interaction in the closed state has already been discussed in the literature 10, 11 . This elliptic nature of the free energy surface implies a relatively more labile LID domain motion and this can play crucial role in the prediction of the sequence of events in the catalytic cycle and also in the prevention of the misligation 10 . This issue will be discussed later. 
VI.1 Rugged free energy surface of the LID domain motion
In Fig. 7b, we implies that the closing of the domains can start with the LID motion easily. These results of the relatively easy opening and closing of the LID domain compared to NMP is in agreement with earlier studies 10, 11 . Note that all the free energy y surfaces of LID domain motion are rugged.
Due to the easy movement of LID domain, it can sample a wide range of conformational space.
In this process the domain will make transitions between several stable intermediates which are . This can also play a crucial role in the catalytic cycle of ADK as will be discussed later.
VII. POSSIBLE ROLE OF DYNAMICAL COUPLING ON THE CATALYSIS
There are two types of coupling possible for the domain motions in the ADK enzyme. (1) In one of the scenarios, the conformational change of the enzyme occurs between the static structures due to the ligand binding. 
VIII. CORRELATED DYNAMICAL DISORDER MODEL
An elegant theoretical model of the propagation of correlation between different parts of protein was developed by Thompson and coworkers [28] [29] [30] . These authors employed an Ising model to account for the propagation of interaction between two distant domains (for example between the effector site and the active site of the enzyme). This model could describe the emergence of positive and negative cooperatively [28] [29] [30] . We discuss here a somewhat modified adaptation of this model to explain the observed correlation between LID and NMP domains. . When the ligand comes, the opposite spin state is preferred and this is described by switching the sign of the field for that particular site. This change now propagates along the ring, and tries to create a different polarization at a distant spin due to ferromagnetic nearest neighbor interaction. Creation of the opposite polarization (spin down) at the distant site is tantamount to making that site active.
Therefore, in our model, we have a competition between the ferromagnetic interaction which tries to make the neighboring spins parallel and this propagates through the chain and the magnetic field at the active site, as explained in more detail below. When at t=0, we turn the spin at the one end (state at the LID or in more general case, the state at the effector site) upside down, the information propagates through chain interaction and ultimately this promotes the spin down state at the distant site (the NMP site here or the active site in more general scenario).
Thus, this competes with the magnetic field on that spin which tries to keep the spin in the up state (at the active site). The present model bears the similarity with some of the dynamical disorder models [31] [32] well-known in the literature. Here the disorder comes from the freedom of motion of the spins.
In the present case, we start with the condition that both the LID and NMP domains are closed. These are created by external magnetic fields at both the sites. At t = 0, the constrain that LID domain is closed is removed. In the present context, the extra stability of the HOHC state is maintained by placing a magnetic field in the direction opposite to the one used to create the closed state. Thus, this is quite similar to the presence/absence of a ligand at the receptor site in allosteric enzymes.
At the simplest level, we consider a four spin system, to describe the LID, the first connector (hinge 1), the NMP domain and the second connector (hinge 2). The model is described schematically in Fig. 8 . The one dimensional Ising Hamiltonian with periodic boundary condition is
where the first sum is over all the nearest neighbors. In our correlated dynamical disorder model,
we have placed unequal opposite nonzero external magnetic field for spin-1 and spin-3. We have performed Monte Carlo simulation using metropolis algorithm 33 , in the presence of external magnetic fields (the direction of the magnetic field at spin 1 is down and at spin 3 is up), with ferromagnetic coupling between the spins. In Fig. 9 
IX. CONCLUSION
Let us first summarize the main results of this work. We used large scale atomistic molecular dynamics trajectory analysis and free energy calculations with explicit water to study the catalytic conversion of Mg Future work will concentrate on the detailed origin of the dynamic coupling and its possible role in catalysis. We also plan to extend the present dynamic disorder model of allosteric regulation.
